ABSTRACT. Some young large farm animals show a laminar bone formation in the long-bone cortex. Such a laminar bone is gradually replaced by Haversian bone with osteons during their growth periods. In this preliminary study, we observed the transverse ground samples of tibia cortex in young calves, pigs, and sheep by backscattered electron imaging. The cortex bones of all the newborn (NB) animals were basically formed with laminar bone structures. The NB and 1-month-old (1-M) calves had a typical concentric structure of laminar bone, whereas the NB and 1-M pigs showed a wire-netting bone with laminar-bone units. The NB sheep was similar to the calf rather than the pig. In the growth rate of bone volume, sheep was similar to calf up to 6 months after birth (6-M). Such calf and sheep showed a more rapid ratio of bone volume than pig. A few osteons had initially appeared in the innermost layer of the 6-M calf. A 1-year-old (1-Y) calf showed scattered osteons in the bone cortex, but many laminar-bone units were still retained in the outer layer. A 6-M pig had many osteons in the entire cortex but only a few osteons in the outermost layer. In the 6-M sheep, no osteons were observed, whereas a 1-Y sheep showed a relatively small number of osteons mainly in the middle layer but a higher osteon-volume than the 1-Y calf. In the 1-Y sheep, the more widely absorbed areas by bone-remodeling with osteons were observed as compared with the 1-Y calf, and the bone volume was decreased from the 6-M into the 1-Y sheep because of the remarkable bone-absorption. Thus, calf kept on possessing many laminar-bone units for a longer time in the growth period than sheep, while pig showed the earliest bone-remodeling with osteons. These results may be caused by their different body size and withers height in calf and sheep after growing and the difference of the dependence upon mother's body during juvenile period between pig and calf with sheep. The initial region of osteon formation may be distinguishable among their animals, respectively. However, further detailed investigations of their young animals at successive stages will be necessary.
Wire-netting bone named by Brouwer [1] or laminar bone termed by Currey [2] is seen in the long-bone cortex of young farm animals containing calves [1-3, 6, 8-10] , pigs [2, 10] , sheep [10] , and foals [9] . Such a bone tissue basically shows an alternative concentric pattern of lamella-like bone units and the prolonged cavities containing blood vessels around the bone-marrow periphery [1] [2] [3] 8] . The bone unit contains a bright line in the center where no cell-lacunae and few cell-canaliculi were present under transmitted light microscopy [2] . The bright line was called hypercalcified primear by Dhem et al. [3] using microradigraphy. Enlow and Brown [4, 5] , who termed the bone a primary plexiform tissue, reported it in Canis (dog), Ovis (sheep), Sus (pig), Bison (buffalo), and Bos (cattle), and also in fossil bones including Pharahippus blackburgi (primitive horse), Kannemeyeria (herbivorous mammal-like reptiles), and Brachiosaurus and Plateosaurus (extinct herbivorous dinosaurs). Recently, Locke [7] also showed the optical micrograms of laminar bone in young beef cattle, sheep, giraffe, buffalo, deer, and horse. In this study, we will call the bone a 'laminar bone' [2, 6, [8] [9] [10] and the central component a 'hypercalcified line' [9] , respectively. According to Currey [2] , the laminar bone of calf and pig is appositionally formed by the periosteum of long-bone cortex without bone-remodeling for a certain period of time after birth except for the absorption of the endosteum, and the laminar bone is gradually replaced by Haversian bone with osteons followed by aging. Palmer [10] described that laminar bone is characteristically seen during the growing periods of some young farm animals and young large dogs showing very rapid growth rates. However, the starting time and initial region of osteon formation, and also the duration of laminar bone in calf and the other farm animals have not been elucidated yet. Previously, we reported that a giant cow with dermal dysplasia showed a delayed osteon formation compared with a normal cow in similar generation [8] . That is, large animals for examples; calves [1-3, 6, 8-10] , large dogs [10] , and some extinct dinosaurs [4, 6] , will or might show a delayed osteon formation compared with other smaller animals showing a laminar bone in growth periods.
In this preliminary study using the long-bone cortex of young calves, pigs, and sheep, we compared their formation patterns of laminar bone and osteon with a scanning electron microscope equipped with a backscattered electron (BSE) detector. In addition, bone volume and osteon volume were analyzed with a computer using a public domain image program.
MATERIALS AND METHODS

Animals and sample procedures:
Four calves aged newborn, 1 month, 6 months, and 1 year, three pigs aged newborn, 1 month, and 6 months, and three sheep aged newborn, 6 months, and 1 year were used. In addition, the 1-year-old calf [8] and the other calves [9] were already used in our previous studies. All animals were sacrificed and then their tibiae were removed. The diaphysis bones, fixed with 70% ethanol or 10% buffered formalin at pH 7.2 and then preserved in 70% ethanol, were cut transversely into several slices with a diamond wheel and then embedded in polyester resin. The resin-embedded sections were polished with 5 and 0.3-µm alumina on the polishing cloths, followed by rinsing with running water, drying in the air, and coating with a carbon membrane.
Observations and measurements: The transverse polished sections were observed with a transmitted light microscope, and then the surfaces were examined with a scanning electron microscope equipped with a BSE detector (S-2500CX; Hitachi, Tokyo, Japan) operated at an accelerating voltage of 20 or 25 kV after carbon coating. Three radial cortex zones of 1-mm width from the inner to the outer periphery were randomly selected, and then the thickness of tibia cortex was equally divided into 5 layers (I to V) from the inner to the outer periphery. The osteon number in each layer (I to V) was counted and the density of osteon number (osteon-number/mm 2 ) was calculated. Thus, the total density unit in each tibia cortex was [osteon-number/5 mm 2 ]. Quantitative analysis of BSE images was performed on a Windows computer using the public domain Scion image program (developed at the U. S. National Institute of Health and available from the Internet by anonymous FTP from zippy.nimh.nih.gov.). Thus, laminar bone and osteon volumes were measured, and then the ratio of osteon volume to the total bone volume including laminar bone and osteons was calculated.
RESULTS
Bone histology: Figure 1 shows the almost entire views of the transverse ground sections of tibia cortex in a newborn calf, pig, and sheep by transmitted light at low magnification. The structure of laminar bone and the number of concentric laminar-bone units were more or less distinguishable from each other. Figure 2 shows the transverse polished surfaces of tibia cortex in newborn, 1-month-, 6-month-, and 1-year-old calves by BSE imaging. The newborn calf showed an alternative concentric pattern of laminar-bone units containing a hypercalcified line in the center. There were no osteons in the cortex at newborn showing approximately 18 to 20 concentric lamellae with laminar-bone units (Fig. 1a) . The structure showed a typical laminar bone (Fig. 2a) . When two radial trabeculae were arranged parallel to each other, the flattened or rounded regions became osteon-like structures. The 1-month-old calf had also concentric laminar bone with no osteons (Fig. 2b) . Short-trabeculae in radial arrangement connecting neighboring laminar-bone units occasionally contained radial hypercalcified lines prolonged from the concentric hypercalcified lines and the short-trabeculae showed the same calcification as the laminar-bone units (Fig. 2b) . The flattened to rounded areas were osteonlike structures. In the 6-month-old calf, however, a few osteons showing low calcifications with Haversian canals had appeared in the inner-cortex layer, although they were not observed in the middle to outer layers (Fig. 2c) . In the 1-year-old calf, osteons showing various calcifications and occasionally containing widely absorbed Haversian canals scattered through-out the entire cortex layer and the osteons increased in number (Fig. 2d ), but the laminar-bone units were fully retained, especially in the outer layer. Figure 3 shows the transverse polished surfaces of tibia cortex in newborn, 1-month-and 6-month-old pigs by BSE imaging. The cortex at newborn showed approximately 9 to 11 concentric lamellae with thinner laminar-bone units in the outer-half layer, although the structure was similar to wire-netting bone containing flattened to rounded osteonlike structures. However, there were no osteons in the cortex at newborn (Fig. 3a) and also 1 month old after birth (Fig. 3b) . All the osteon-like structures showed the same calcification degree as a typical laminar bone as shown in calves (Fig. 2a, b) . The 6-month-old pig possessed many osteons showing low calcifications and occasionally containing widely absorbed Haversian canals in the entire cortex layers (Fig. 3c) , although the outermost layer scattered a few osteons and many laminar-bone units were retained especially in the outermost layer. Figure 4 shows the transverse polished surfaces of tibia cortex in newborn, 6-month-, and 1-year-old sheep by BSE imaging. There were no osteons in the cortex at newborn and the cortex showed approximately 12 to 14 concentric lamellae with laminar-bone units (Fig. 1c) . The laminar bone structure was similar to that of calf rather than pig (Fig. 4a). In the 6-month-old sheep, no osteons were observed anywhere (Fig. 4b) . The 1-year-old sheep showed osteons in the entire cortex layer (Fig. 4c) , but the innermost layer showed only a few osteons. The osteons of the 1-year-old sheep showed hypocalcification and contained widely absorbed Haversian canals mainly in the middle layer, although many laminar-bone units were retained. Bone volume, osteon volume, and osteon number: Figure  5 shows the total bone volume including laminar bone and the osteon was calculated on the transverse surface of tibia cortex in calves, pigs, and sheep based on the quantitative analysis of BSE images (Figs. 2 to 4) . On the total bone volume, each animal gradually increased by aging, and the newborn and 6-month-old calves (75.0, 92.1%) and sheep (74.9, 95.1%) were similar to each other and higher than the newborn and 6-month-old pigs (63.9, 74.3%), respectively. However, the 1-year-old sheep (92.1%) decreased from that of the 6-month-old sheep (95.1%) and showed lower than the 1-year-old calf (97.9%). Table 1 shows the ratio of osteon volume to the total bone volume including laminar bone and osteons. In the 6-month-old animals, the ratio was higher in the order of pig (24.5%), calf (3.6%), and sheep with no osteons (0%). However, the 1-year-old sheep (8.5%) showed the higher ratio than the 1-year-old calf (4.4%). Figure 6 shows the density of the osteon number (per 5 mm 2 ) on the transverse surface of tibia cortex divided into 5 layers (I to V) from the inner to the outer periphery. The osteon number was calculated on BSE images. As already mentioned, the newborn calf, pig, and sheep had no osteons. The 1-month-old calf and pig had also no osteons. The 6-month-old calf had a few osteons in the innermost I (1/5) layer (6.5/5 mm 2 in the entire cortex), whereas the 6-monthold pig possessed many osteons in the entire cortex (44/5 mm 2 ) except for a few osteons in the outermost V (5/5) layer. No osteons in the 6-month-old sheep were observed anywhere. The 1-year-old calf had osteons in the entire cortex (25.7/5 mm 2 ), but the density of osteon was the highest in the inner II (2/5) layer and decreased towards the outer layer. The 1-year-old sheep possessed a relatively small number of osteons in the middle II, III, and IV (2/5 to 4/5) layers (14.6/5 mm 2 in the entire cortex). The 1-year-old calf had a larger number of osteons than the 1-year-old sheep (Fig. 6) . 
DISCUSSION
From the data analysis of bone volume shown in Fig. 5 , sheep was similar to calf up to 6 months after birth, but the 1-year-old sheep decreased compared with the 6-month-old sheep and the 1-year-old calf. Pig showed the lowest bone volume. In calf and sheep as the same family (Selenodontia), the order of the growth rates of bone volume may correspond to their body size and withers height after growing. In pig known as the different family (Nonruminanntia) from calf and sheep, the lower bone volume may be related to that pig is of multiparous mammal showing a higher dependence upon the mother's body during juvenile period than calf and sheep. Many juvenile pubs littermate pigs are crowded and stay each other around the mother's body during longer time, so that the bone volume may retain as a low growth rate during the period. In other words, we strongly suggested that the low bone volume of newborn pig compared with calf and sheep (Fig. 5) should cause the time of standing up with limbs to be later.
A typical laminar bone showing an alternative concentric pattern of laminar-bone units with a hypercalcified line in the center [9] , equal to a bright line [2] and hypercalcified primear [3, 8] , could be seen in calves as shown in Fig. 2 [1 -3, 8, 9] , whereas the laminar bone of calf, pig, and sheep more or less contained flattened to rounded osteon-like structures (wire-netting bone [1] ) showing the same calcification degree as the laminar bone. Dhem et al. [3] who observed the long-bone cortex of newborn calves called the osteon-like structures 'pseudo-osteons' and we also called the structures pseudo-osteons [9] .
Such pseudo-osteons containing the trabeculae in radial arrangements will be useful to the mechanical reinforcement of concentric laminar bone, especially in the longbone cortex of some young animals formed by a small number of concentric laminar-bone units, when compared with young calf possessing a larger number of concentric lamellae with laminar-bone units in young sheep as well as young pig. In addition, the laminar-bone structures containing pseudo-osteons in sheep [10] were similar to those of calf [1-3, 6, 8-10] rather than pig [2, 10] . Therefore, the modifications of laminar-bone structures among calf, sheep, and pig may be caused by the different families between calf and sheep with pig.
In 6 months after birth, the pig had a larger number of osteons than the calf showing initial osteon formation and the sheep with no osteons. Thus, osteons appeared earlier in order of pig, calf, and sheep. In the 1-year-old sheep, the ratio of the total bone volume was lower (Fig. 5 ) but the ratio of osteon volume to the total bone volume was higher than their ratios of the 1-year-old calf (Fig. 6) . These results show that sheep causes the osteons to appear between 6 months and 1 year after birth, and then rapidly causes the remodeling from laminar bone into Haversian bone with osteons.
The 1-year-old calf showed a higher laminar bone ratio than the 1-year-old sheep as well as the relation between giant and normal adult cows [8] . In addition, larger dogs [10] and extinct herbivorous dinosaurs [4, 6] retained laminar bone for longer periods. In this study, the bone-remodeling time with osteon formation appear in order of pig, sheep, and calf. The order may be caused by the different body size and withers height in calf and sheep as the same family after growing, whereas pig may be based on the different family from calf and sheep as mentioned already. However, we could not clearly illustrate their starting time of osteon formation.
In calf, the 6-month-old calf initially caused osteons to appear in the innermost layer. In pig, the initial osteons may appear in the inner to the middle layers, because the 6-month-old pig had many osteons but retained the laminarbone units in the outermost layer with a few osteons. In sheep, the initial osteons may appear in the middle-cortex layer, because the 1-year-old sheep had a relatively small number of osteons with widely absorbed Haversian canals mainly in the middle layer, but retained the laminar-bone units. Regrettably, we have not revealed why the initial region of osteon formation tend to differ among these farm animals. For the illustration as well as the starting time of their osteon formation, further detailed investigations of their young animals at successive stages will be necessary.
